Human groups show structured levels of genetic similarity as a consequence of factors such as geographical subdivision and genetic drift. Surveying this structure gives us a scientific perspective on human origins, sheds light on evolutionary processes that shape both human adaptation and disease, and is integral to effectively carrying out the mission of global medical genetics and personalized medicine. Surveys of population structure have been ongoing for decades, but in the past three years, single-nucleotide-polymorphism (SNP) array technology has provided unprecedented detail on human population structure at global and regional scales. These studies have confirmed well-known relationships between distantly related populations and uncovered previously unresolvable relationships among closely related human groups. SNPs represent the first dense genome-wide markers, and as such, their analysis has raised many challenges and insights relevant to the study of population genetics with whole-genome sequences. Here we draw on the lessons from these studies to anticipate the directions that will be most fruitful to pursue during the emerging whole-genome sequencing era.
INTRODUCTION
Human beings have long been preoccupied with their past, and have created numerous complementary disciplines of research to investigate it. Archaeology, biological and cultural anthropology, history, linguistics, and demography all arise from our fascination with characterizing the history of our species. Genetics has increasingly played an important role in this integrative approach to understanding human evolution, especially as technological advances have made it possible to describe the distribution of genetic variation across individuals with increased resolution. Population structure is the presence of variation in levels of genetic similarity within a population as a consequence of factors such as geographical subdivision and finite population size. The departures from random mating that have generated population structure are indicative of historical demographic events and must be understood for many applied uses of population-genetic data. For instance, population structure needs to be considered when searching for the genetic underpinnings of common disease (to avoid spurious associations with noncausal loci) and can help explain variation in the distribution of some genetic disorders across ethnic groups.
A decade has passed since the reference sequence of the human genome was generated (63, 149) , and more than 1.4 million singlenucleotide polymorphisms (SNPs) were identified at that time (137) , ushering in a new phase of human genetics in which the signatures of population-genetic forces could be studied on a genome-wide scale (60, 61) . The distribution of SNPs and haplotypes across geographic regions has provided evidence of past population size changes, admixture events, and barriers to migration, as well as human adaptation to new environments, modes of subsistence, and cultural practices over the past 100,000 years.
Here we review many insights gained about human population structure using SNP array technology. Our understanding of human evolution is deeper than before but still not complete, and as whole-genome sequencing becomes widespread, our field will be empowered to return to some of the oldest questions posed by human geneticists. Nielsen (99) estimated that 30,000 human genomes will be completely sequenced by the end of 2011, and the field of human population genetics stands to gain a great deal from these efforts. It is therefore useful to pause and reflect on the opportunities that have arisen and the challenges that have been posed by the genome-scale observations SNP arrays made possible.
From our own experiences with data interpretation, we feel that an in-depth understanding of human population genetics is possible only if one understands the capabilities and limitations of the inference methods. Moreover, the methodological challenges encountered in analyzing SNP-scale data prefigure many (though certainly not all) of the challenges that will arise in large-scale resequencing data, so we feel a review of existing methods is crucial and instructive at the cusp of the next era of human population genetics. We begin by reviewing the methods for generating and analyzing SNP genotype data, and then move to the insights gained from these methods (Section 4).
HIGH-THROUGHPUT SNP GENOTYPING
The development of high-throughput SNP arrays was initiated in the biomedical human genetics community with the hope of using observed SNP genotypes to comb the genome for regions harboring loci affecting complex disease traits-i.e., genome-wide association studies (GWAS). For the approach to work, it required identifying a small set of tag SNPs that, owing to linkage disequilibrium (LD), could serve as proxies for nearby common variants found in human populations. The International HapMap Consortium (59) took on this task, discovering variants and describing patterns of LD in a sparse sampling of the globe, and in doing so catalyzed the development of affordable SNP arrays. In particular, the HapMap Project greatly advanced our Coalescent process: the process, looking backward in time, by which two or more sampled alleles' ancestral lineages trace back to a common ancestor, often represented by a gene genealogy (gene tree) Minor allele frequency: the frequency of the minor (i.e., less common) allele Ascertainment bias: bias because a study's design induces a nonrandom sample of observations; with SNP arrays, bias is introduced via SNP discovery and selection of tag SNPs knowledge of LD patterns and recombination rate variation in the human genome (27) . There appear to be recombination hot spots spaced roughly every 100 kb, and the common variants found between two hot spots can often be surveyed indirectly with a small number of so-called tag SNPs. Thus, using SNP arrays with hundreds of thousands of markers, patterns of common variation could, for the first time, be assayed at a genomic scale. Moreover, the relatively cheap costs of SNP arrays have led to their rapid application in studies of human population structure ( Table 1) .
The large number of markers on a SNP array offers several advantages. First, because of the coalescent process, there are diminishing returns in the information gained for population-genetic inference by sampling more individuals as opposed to more loci (see Figure 1 ; 42, 115) . Because each independent locus has its own coalescent history, the increase in information from additional sampled loci tapers off only once the spacing of sampled loci along the genome is smaller than the scale of LD in the population.
Second, because gene trees are highly stochastic given a particular demographic model (e.g., 134) , it is paramount to base inferences regarding population structure on many loci. The patterns at a single locus can be misleading and need not reflect the history of population divergences. For instance, deep divergence between neighboring geographic locations can be inferred from a single locus when in fact gene flow has been homogenous across time and space (64) . Under models of divergence followed by migration, two alleles from different populations may coalesce more recently than the time their respective populations diverged (132, 152) . As a result, gene genealogies reconstructed from a single locus may not reflect the historical relationships between the populations under comparison, particularly for closely related populations. An appreciation for the stochasticity of single gene trees is one reason why population geneticists familiar with coalescent theory are often wary of detailed demographic inference based on single gene trees, such as occurs in mitochondrial DNA (mtDNA) and Y chromosome studies, and classical phylogeographic studies more generally. [That said, the mtDNA and Y chromosome provided us the first broad sketch of human population structure and continue to be foundational, especially for the study of sex-specific migratory processes (see 159) .]
Despite the advantages listed earlier, paradoxically, one of the great efficiencies of SNP arrays-that they interrogate only polymorphic loci-is also one of its greatest hindrances for parameter inference. Array manufacturers must choose SNPs that have been identified in discovery panels (such SNPs tend to have higher minor allele frequencies than random SNPs), and SNPs are spaced to tag common variation across the genome. These two ascertainment biases are not hugely problematic for GWAS that aim to identify common SNPs underlying disease, but are major problems for applying many statistical methods in population genetics that assume a random subset of all variants is being surveyed. One of the great promises of the sequencing era is that it will largely remove the biases introduced by SNP array design. Although this will be largely true, the various quality-control filters currently applied to next-generation sequencing data induce a subtler form of ascertainment bias that can pose challenges for analysis (e.g., 69).
METHODS FOR INVESTIGATING POPULATION STRUCTURE

Descriptive Methods for Large-Scale SNP Data
Descriptive approaches for large-scale SNP data fall into two classes: approaches based on discrete population admixture models and approaches based on multidimensional statistics such as principal components analysis (PCA). When using either approach for investigating population structure, two major initial questions are (a) whether there are detectable subgroups within the data set under consideration, Figure 2) , is based on the Li & Stephens model (85) and infers local ancestry using unphased data from the admixed individual and phased haplotypes sampled from at most two reference populations. A more computationally efficient alternative is LAMP (109, 138) , which solves ancestry using an expectation-maximization algorithm in user-defined windows whose size must be chosen carefully depending on the levels of differentiation between parental populations and how recently admixture took place. We expect future extensions of these methods to include modeling admixture between more than two populations and estimating ancestry with incomplete sampling of ancestral populations.
In place of estimating admixture at the individual level, there are also approaches to infer admixture at the population level using SNP data. Reich et al. (129) proposed novel methods to infer population-level genome-wide proportions of ancestry and to estimate the extent of genetic drift along branches in the phylogenetic tree describing the parental and admixed populations. The methods are based on 3-Population and 4-Population tests (129) , as well as a general model-fitting procedure based on squared allele-frequency differences among populations. Using these methods, the authors found indications of a potential north-south gradient of admixture in India and uncovered evidence that samples from India are well modeled as a mixture of "Ancestral North Indians" (ANI, related to Europeans) and "Ancestral South Indians"(ASI) (Figure 3) .
Most applications of admixture methods have focused on admixture events that occurred between distantly related populations (e.g., African Americans as an admixture of European and African ancestry, as in 16). As geographic sampling of individuals has become more refined and as sequencing technologies improve, admixture will be studied at smaller geographic scales in which gene flow rates are high and potentially vary through time (for an example of this challenge, see 17).
Multidimensional summary statistics.
An alternative to inference with the admixture model has been to apply methods from multidimensional statistics, in particular PCA. One motivation for this is that, for populations studied at fine geographic scales, models of discrete populations (even with admixture) are inappropriate. PCA methods may more flexibly describe continuous forms of population structure. Population-based PCA approaches were first used with allele frequencies at classical markers (22, 92) , but recently PCA has been applied to individual-level SNP genotype data by coding SNP genotypes as ordered integers and normalizing the values (e.g., 120). With sufficient data, PCA will produce clusters representing discrete populations, and admixed individuals will occur at positions between their source populations that are determined by their relative ancestry from their source populations (91, 111, 120) . In the presence of homogeneous isolation-by-distance patterns, the first two principal components (PCs) will represent perpendicular gradients in geographic space (91, 104) , such that if individuals are plotted along PC1 and PC2 coordinates they will be arranged according to their geographic positions (e.g., center panels of Figure 4) .
The chief drawbacks of PCA are that sampling density affects the results (91, 104) , large regions of LD should be pruned from the data before running PCA (103, 146, 158) , and interpreting the PCs can be complicated [for instance, when interpreting PCs as signatures of population expansions (20, 43, 104, 105) ]. Several interesting developments related to PCA are theoretical results that relate PCA coordinates to expected pairwise coalescent times (91) , methods to identify transformations that maximize similarity between a PC and geographic map (155) , methods to infer ancestry blocks using PC coordinates computed along a chromosome (16) , and more flexible alternatives to PCA based on sparse factor analysis (40) and mixture models (e.g., 73 ).
The use of descriptive methods to detect population structure is at an exciting juncture given how rapidly sample sizes and the number of loci are increasing in human data sets. Patterson et al. (111) argued that if the product of the sample size and the number of loci is greater than a threshold determined by F ST (a measure of population differentiation) between populations, then population structure will be evident in the sample. Although the threshold was derived for PCA-based methods and is an approximation, presumably a similar result also holds for admixture-based methods (see also 37 and 91). As a consequence, historians or anthropologists attempting to understand very finescale historical questions (34) can expect that, with large numbers of markers and individuals, subtle relationships among populations might soon be discerned.
Demographic Inference with SNP Array Data
The descriptive methods that have evolved to explore fine-scale SNP-based data sets provide insights into geographically local and global genetic structure. A central challenge of conducting inference in formal demographic models (with parameters such as divergence times and migration rates) has been accounting for ascertainment bias in SNP data. Several authors have presented the problems ascertainment bias induces as well as possible corrections (2, 26, 38, 75, 88, 100, 127, 131, 153) . For example, Albrechtsen et al. (2) showed that ascertainment bias has little effect on some statistics (e.g., F ST ), but a substantial effect on others (such as PCA) depending on the populations used for SNP discovery. Correction methods require knowledge of the SNP selection process, which has typically been complex, heterogeneous, and thus effectively unknown.
To help address ascertainment bias, some studies propose a model for the SNP selection process, then fit the basic parameters 
Demographic parameters:
parameters that define a population's size and structure over time (e.g., divergence times, rates of migration and growth, and the severity/duration of past bottlenecks) of the model and account for the resulting ascertainment bias in any demographic inferences (2, 75, 88, 160) . For example, Wollstein et al. (160) perform a correction for ascertainment on the Affymetrix 6.0 SNP microarray in their study of Oceania (Figure 3a) . The authors modeled the discovery depth for each population and incorporated this into an approximate Bayesian computation framework for inferring demographic parameters. The authors found that their postcorrection inferences were similar to demographic inferences made with the resequenced ENCODE (Encyclopedia of DNA Elements) regions. Another approach has been to base inferences on patterns of haplotype variation, as these are less sensitive to ascertainment bias (28, 86, 95) . It has been shown that past demographic history can be inferred from genome-wide SNP data using summary statistics such as the number of observed haplotypes and the frequency of the most common haplotype in windows across the genome (86) . Full likelihood-based approaches for haplotypes are challenging-one approximate approach investigated by Davison et al. (31) , based on the copying-with-recombination approach of Li & Stephens (85) , is promising but produced biased estimators that require data-set-specific simulations to correct. The copying-with-recombination model of Li & Stephens (85) has also been used to study human colonization history assuming a serial founder model (51) . In the serial founder model (33, 57, 126) , new daughter populations are formed by subsampling previously founded populations in an expansion. The model's expectation is that haplotype diversity will decrease and LD will increase with distance from the origin of the expansion (32; Figure 5 ). Thus, one expects more recently colonized regions of the world to produce samples that can be modeled as copies of haplotypes found in regions of the world colonized further in the past. The method of Reference 51 uses this idea to infer a plausible order in which the world was colonized, and finds support for the out-of-Africa model.
Using haplotypes is not without its challenges, though: haplotype-based inferences require modeling recombination across the genome accurately, and the ascertainment bias introduced by selecting SNPs preferentially based on physical distance or LD patterns will not produce an accurate picture of haplotypic variation [although Lohmueller et al. (86) carefully accounted for the bias introduced by SNP discovery].
Although analyzing sequence similarity in a pairwise fashion has been routine in population genetics (e.g., computation of average pairwise nucleotide differences), genome-wide markers have opened up to inspection a new dimension of pairwise patterns of genetic variation. One can use SNP data to identify the lengths of regions of pairwise haplotype identity, known as shared haplotype tracts. These can be considered in pairs of haplotypes found within a single individual (i.e., runs of homozygosity that may aid the mapping of disease genes in inbred populations) or between individuals (in which case shared haplotype tracts indicate relatedness, and long shared tracts can imply recent common ancestry).
Methods to perform demographic inference using shared haplotype tracts are in their infancy. Reich et al. (129) used a related genomic summary, the decay of allele sharing between individuals as a function of physical distance between SNPs, to estimate the age of founder events for Indian populations. The results suggest that many subgroups were founded more than 30 generations ago and that strong endogamy has existed since then, allowing the signatures of founder events to still be detectable in extant individuals hundreds of years later. This history of endogamous marriage predicts a high rate of recessive diseases, and the use of runs of homozygosity to identify mutations underlying Mendelian disease may be successful in India as it has been in Finland (e.g., Meckel syndrome in 142). Extended haplotype sharing has also been studied in relation to the diseases and demographic history of Ashkenazi Jews (5, 15) .
Shared haplotype tracts have the potential to clarify whether migration occurred once between groups, at a constant rate, or at a variable rate over time. Pool & Nielsen (117) developed Allele-frequency spectrum: the counts of polymorphisms at all possible observed frequencies in a sample; for unlinked sites, it is a sufficient statistic for demographic inference a method to test demographic hypotheses related to historical changes in migration rate. Their method uses shared haplotype tracts between source and admixed populations, along with the simplifying assumption that migrant tracts do not recombine together, and uses an excess of long shared tracts between groups as evidence of a recent increase in migration rate.
As sequencing data enhances our ability to identify breakpoints at the end of shared haplotype tracts, we expect to gain more information about demographic processes through the information held in the spatial arrangement of shared SNPs in the genome.
The Power of Sequencing Data to Estimate Demographic Parameters
Most quantitative population-genetic models that are capable of inferring demographic parameters rely on observations of the allelefrequency spectrum without ascertainment bias (26, 100) . Thus, the increase in genotype data generated by SNP array technology has come at the expense of understanding human evolutionary history through the estimation of demographic parameters. The sequencing era will allow population geneticists to move beyond the limitations of ascertainment bias to harness genomic-scale data for the inference of detailed demographic parameters-and will require overcoming new challenges.
Fitting formal demographic models to data sampled from many human populations means estimating a large number of parameters that represent historical processes and events (for an example, see Figure 6 ). Because many of the most advanced population-genetic inference methods are framed in terms of the coalescent genealogy underlying the sampled chromosomes-and that genealogy is not observed directly-most methods use approximate methods, such as Markov chain Monte Carlo, to sum over all possible genealogies consistent with the data. Examples of such approaches are isolation-with-migration models (8, 53-55, 101, 157) and the models in the LAMARC, MIGRATE, and BEAST software packages (9, 36, 78) . Obtaining accurate approximations with these methods for even a handful of loci is challenging when the sample size reaches the scale of hundreds of individuals. New approaches to analyze DNA sequence polymorphisms across many loci and multiple populations were recently offered by Gutenkunst et al. (48) and Garrigan (45) , who summarized genetic variation by the joint allele-frequency spectrum across populations and implemented composite likelihood methods. Gutenkunst et al.'s (48) method offers a promising, computationally efficient alternative to the coalescent approach via a diffusionbased method, ∂a∂i. This method allows the modeling of three simultaneous populations (see Figure 6 ) and produces results consistent with growth rates, bottlenecks, and migration rates inferred by previous analyses (1, 88, 139, 151) .
The composite likelihood approaches assume polymorphic sites are independent, which could constrain the approach's applicability to www.annualreviews.org • Human Population Structurelarge-scale genomic data sets. Gutenkunst et al. (48) address this concern by using a bootstrap procedure accounting for LD to estimate confidence intervals for parameters, noting that LD between neutral loci does not affect the expectation of the allele-frequency spectrum, but rather the variance.
To maximize the information gleaned from whole-genome data, methods incorporating LD into inference are needed. The Cosi method (139) models LD patterns and the allele-frequency spectra across three populations; this method is quite computationally intensive owing to its coalescent-based approach and cannot provide confidence intervals around best-fit model parameters. Because the allele-frequency spectrum does not uniquely determine past population history (95) , variation at linked loci can provide additional information to infer changes in population size. Thus the sensitivity of modeling techniques to LD remains an important area for investigation.
As advances in next-generation sequencing make the sequencing of whole genomes economical, we expect there will be a return to model-based approaches to estimate demographic parameters. Here we have noted only some of the recent developments in these quantitative approaches. The methods used to model the joint histories of divergence and gene flow among multiple populations that will be developed in the sequencing era will make use of increasingly vast data resources, while helping geneticists return to some of the oldest questions regarding modern human evolution.
INSIGHTS INTO HUMAN POPULATION STRUCTURE FROM SNP STUDIES
SNP studies build on a long legacy of studies in human population genetics, archaeology, and linguistics that have produced a sketch of the events that shape how human populations are structured today (Figure 7, 21 ; also see 68 and references therein). The major outline is of the emergence of modern Homo sapiens in Africa 100,000 years ago; then, out of a possibly subdivided population within Africa, humans began to expand outside of Africa to colonize the rest of the globe, undergoing serial founder effects as they did so, and eventually settling distant locations such as the Americas (15,000-35,000 years ago) and most recently the remotest islands of Oceania (2,000-3,000 years ago). In many cases recent migrations have led to contact between distantly related populations and given rise to major admixture events-for example, as occurred with the ancestors of Latinos in the Americas. The details beyond this coarse-scale resolution have been the subject of considerable uncertainty and debate, and SNP-based studies combined with recent sampling strategies are providing increased data resolution with which to resolve these and other questions about human history.
Summarizing the results of these recent SNP-based studies is challenging because human population structure is fractal-likethere are fascinating patterns to behold at the macroscopic scale of global structure, yet one can continually focus in to continental scales, subcontinental scales, and onward in an expanding effort to learn about the outlines of human history in finer and finer detail (Figure 8) . Recent studies even address population structure at the extreme of neighboring villages (106) . It is important to recall that human genetic groups are extremely similar to one another on numerous metrics (e.g., pairwise sequence diversity, proportion of variation found within versus between populations). It is only by pooling information across multiple loci that SNP data sets can resolve subtle patterns of population differentiation that are indicative of the human past (37, 83).
Global-Scale Studies
While the HapMap provided insights into common variation and LD in three populations, two studies using the Human Genome Diversity Panel (HGDP; 52 populations) marked the advent of SNP-based studies of human population 
Figure 7
A schematic of human demographic history, highlighting hypotheses investigated by recent single-nucleotide polymorphism (SNP) studies discussed in this review. Numbers indicate the estimated number of years before present at which migrations took place across continents. The distinction between prehistorical and historical is in some cases approximate-the timing and duration of these events is an ongoing area of study. Abbreviations: aDNA, ancestral DNA; ANI, Ancestral North Indian; ASI, Ancestral South Indian.
structure (66, 84) . These are part of a long line of papers using the HGDP (18) to showcase the power of new technologies for advancing our knowledge of population structure (28, 29, 126, 135) , and have been built upon by other global studies (6, 12, 14, 161, 162) . These studies found patterns that support serial founder effects during the expansion outward from Africa. Support for this model is not new (124, 126) , but novel observations of genome-wide patterns of haplotype homozygosity, patterns of pairwise LD (Figure 5) , and copy number variation now give strong support to the serial founder effect model of out-of-Africa expansion. Fine-scale population structure within continents was also observed in these studies, but given the sampling design of the HGDP, detailed and conclusive insights into structure within global regions require larger, regionally oriented sampling designs found in the studies discussed below.
Africa
Dense sampling of African populations has been relatively rare in population-genetic studies undertaken thus far. Recent efforts reveal that population structure in sub-Saharan Africa correlates with geography, language family, and mode of subsistence (e.g., hunting and gathering versus herding) (16, 52, 147) . Population structure in West Africa is determined largely by language group and geographic distance, bearing a strong signature of the Bantu expansion approximately 4,000 years ago (16, 70) . Hunter-gatherer populations studied so far remain highly differentiated from each other, and tend to have the lowest levels of genome-wide LD observed across African populations (52) . SNP studies make clear that haplotype diversity is high in Africa (for example, 4, 66, 84) . This creates problems when using tag SNPs discovered in Europeans, and even tag SNPs 
Figure 8
The fractal-like nature of human population structure. selected from the Yoruban HapMap population, for GWAS in other populations. It was estimated that, to achieve the same statistical power in a GWAS, one would need 1.5 million SNPs in Africans compared with 0.6 million in Europeans (60) . Even with the same causal variant in both populations, it may be more difficult to replicate a disease association in African populations (74) . The sequencing era allows for techniques that can overcome this problemnamely, multilocus imputation and economical targeted resequencing [both used illustratively in a study of malaria and hemoglobin S by Jallow et al. (67) ]-but understanding the genetic underpinnings of disease in Africans and admixed individuals with African ancestry will first require concerted effort to discover variation in potentially highly differentiated populations. Imputation will be particularly important to assess African differentiation at a fine genomic scale; the positive trade-off for association studies is that low LD means identifying the causal variant influencing phenotypes is easier than in non-African populations (67) .
An understanding of African population structure also contributes to increased understanding of the evolution of various admixed populations throughout the world. Bryc et al. (16) deconvoluted ancestry along chromosomes in African Americans, finding variation in the estimated proportion of European ancestry (median 18.5%) and African ancestry derived from groups similar to non-Bantu Niger-Kordofanian populations. A population with mixed ancestry within Africa that has been recently studied is the Cape Mixed Ancestry population, also referred to as "South African Coloureds." Trade and colonization led to the establishment of this population, which makes up 9% of South Africa's population, and these individuals draw ancestry from groups similar to the Khoisan and Bantu Africans, as well as from Europe and Asia (35, 110, 147) . As with many recently admixed populations, there are signatures of sex-biased migration found in their genomes: mtDNA analyses have shown that the maternal contribution to the population is strongly Khoisan (125) , while the non-African contribution to X-chromosomal ancestry is inferred to derive from Indonesia, a result of Indonesians being brought to South Africa by the Dutch (110) .
Many open questions remain regarding the evolution of populations in Africa; we mention two in particular here. First, we know little about what population structure existed in Africa at the time of the out-of-Africa migration. Subdivision of these ancestral populations affects inferences of divergence times between Africans and non-Africans (48), as well as inferences about our interactions with other hominids (see Section 4.7). Second, although studies of African populations find a strong signature of homogenization due to the Bantu migration 4,000 years ago (16, 147) , less is known about the demographic histories of hunter-gatherer populations, although they share common ancestry separately from other African populations (52) . Whole-genome sequences will bring a deeper understanding of African population structure, shedding light on the origins of modern humans and on the roles of cultural traits in shaping human genetic variation.
Europe
Given the concentration of biomedical research that takes place in European countries, the first geographic area to receive detailed attention using SNPs was Europe. Within the span of a year, several groups used PCA-based approaches to produce multiple "genetic maps" of Europe-showing dramatically how the genetic structure of European populations is predicted by geography (Figure 4) (50, 80, 90,  103, 146) . The scale of detectable geographic structure is such that it can be detected within small geographic areas, such as Switzerland (103), Finland (136) , Iceland (119) , and rural regions of Europe, even among geographically proximal villages (106) .
There are notable departures from the general geographic patterns-Finnish, Sardinian, Basque, and European Jewish individuals all show unique patterns of variation-in many cases supporting hypotheses of bottlenecks and reduced gene flow between these populations and others in Europe (Figure 4) (5, 10, 15, 80, 136, 148 ; also see 14, 44, 46, 79, 130) . Some populations that are not particularly differentiated are of interest-for example, Hungarians, though speakers of a Finno-Ugric language, are genetically much like their Indo-Europeanspeaking geographic neighbors (e.g., 103), supporting models in which the Hungarian language was imposed by elites and providing an interesting example of how linguistic and genetic patterns sometimes misalign.
Much of the study of European population genetics has centered on understanding whether there are directional clines to the patterns of variation. Some of this work was conducted originally using PCA-based methods applied to populations (22, 92) -in this light, it is interesting to note how the direction of the PC1 gradient in the various SNP studies widely differs (e.g., north-northwest-southsoutheast in Reference 103 versus nearly westeast in Reference 50). This inconsistency is not unexpected given the sensitivity of PCA to the spatial distribution of the sample (see above). More reliable indicators of directionality in the patterns of variation come from observations of decreasing south-north gradients in haplotype diversity in Europe (6, 80) .
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Such gradients in haplotype diversity are expected under several models that would produce a larger effective population size (N e ) for southern Europe populations. Relevant models might include features such as the initial human colonization northward into Europe, subsequent expansions/contractions associated with the Pleistocene, the onset of the Neolithic Era in Europe, and/or substantial trans-Mediterranean gene flow with northern Africa. Recent results have shown that the highest haplotype diversity in European samples is found in the Iberian peninsula, and this region shares more haplotypes with Yoruban populations than does any other European region (6) . These results, along with those of a recent analysis based on 3-Population and 4-Population tests and the chromosomal scale of allelic correlations (93) , suggest a history of trans-Mediterranean gene flow at least partially contributes to the higher levels of diversity found in southern Europe. These studies are probably the first of several that will move beyond coarse descriptions of how genetics and geography relate in Europe to more detailed inference of past demography.
Asia
Several large SNP studies of East Asian populations (25, 60, 71, 144, 145, 165, 166) and South Asian populations (24, 129) have been undertaken. Many of these studies observe fine-scale geographic structure-for example, within the Japanese islands (166), Korea (71), India (129) , and Polynesia (160) . At a broader scale, these studies give insights into the history of Asian populations, but the results are difficult to summarize and interpret because Asia encompasses such a broad geographic area and complex network of populations. Despite this complexity, a few clear patterns have emerged from these major studies.
The patterns of variation observed in the HUGO Pan-Asian SNP Consortium data (56) argue for a single southern route during the initial colonization of southeastern and eastern Asia, followed by northward expansions counter-clockwise around the Tibetan plateau. A strong correlation of haplotype diversity was found in East Asia with latitude, and this has been interpreted as the outcome of serial founder effects as populations of humans moved northward from an initial presence in southern Asia.
In the HGDP SNP data, East Asian and Southeast Asian populations cluster distinctly from central Asian populations (66, 84) . Further, the alignment of numerous allelefrequency clines at putatively selected loci (29) suggests that the western regions of the Tibetan plateau are an important area of genetic diversity in Eurasia. For instance, the Uyghurs and Hazara show evidence of descending from an admixture event ∼2,500 years ago between ancestral populations that gave rise to East Asian/Southeast Asian and central Asian/European populations (66, 84, 163, 164) .
Studies of populations from the Indian subcontinent show substantial structure at fine scales (6, 24, 129, 161, 162) , and Reich et al. (129) argued that the data are best explained by models in which Ancestral North Indian (ANI) and Ancestral South Indian (ASI) populations contribute to the diversity of modern Indian populations. Although it is not clear, the ANI population likely was made up of descendants of central Asians who then expanded into India; the placement of the HGDP central Asian populations on the extreme of the ANI/ASI cline (129) and affinities between central Asians and northern Indians suggest this may be true (129, 161, 162) . The ASI population's closest living relatives in the study were Andaman Island populations (Onge), who themselves appear more recently diverged from Southeast Asian groups (Dai) than Near Oceanian groups (Papuans). The history of the ASI population is not clear and may require integrating patterns of variation observed in Southeast Asia, Australia, and Oceania to gain more insight.
Australia and Oceania
Australian and Oceanian populations have been largely overlooked, with only two relatively small studies published recently (89, 160) . The single study from Australia (89), based on 38 sampled Australian aboriginal individuals, shows Australian samples clustering with indigenous groups of Near Oceania and evidence for recent admixture with Europeans. A major question is how the ancestors of Australians and Near Oceanians are related to neighboring Asian populations. A SNP study has concluded that Near Oceanian groups, such as New Guinea Highlanders, diverged from Eurasian populations fairly recently, approximately 27,000 years ago (Figure 3; 160) , suggesting a single migration to East Asia, Near Oceania, and Australia followed by a recent divergence of Near Oceania/Australian populations from East Asians.
Moving east to Polynesia, a SNP study by Wollstein et al. (160) supported a model in which Polynesians descend from an admixture event roughly 3,000 years ago between ancestors of modern Austronesian speakers and Papuan speakers. One exception is Fiji, which appears to have a unique signature of additional Papuan admixture (500 years ago) after Polynesian settlement (Figure 3) .
Despite these advances in understanding Australian and Oceanian populations, there are still many open questions regarding how these populations relate to their nearest neighbors, and given that modern humans may have followed a route along the coast of the Indian Ocean to first occupy Asia, Australia, and Oceania, it is difficult to consider the studies of these regions in isolation of each other. The challenge in addressing these questions is the need to integrate patterns of variation across a vast geographic area, while current studies cover smaller scales and only partially overlap. Whole-genome sequencing will not necessarily make the logistical and analysis challenges to achieving such a synthesis more tractable, but it will provide new insights. For example, the very recent genome sequencing of an ancient specimen from Siberia (Denisovar genome) observed a unique signature of admixture in Near Oceanian populations that is suggestive of prehistorical population movements and structure around the time of admixture with Denisovars (128).
Americas
In considering patterns of variation in the Americas, there are two major facets: the description of Amerindian populations, and the description of admixed populations in the Americas. Two recent studies focus on the description of admixed Latino groups and highlight their wide range of admixture both within and between populations (17, 140). Ancestry varies within Mexico (140) and across different regions of the Americas. For example, populations from Mexico and Ecuador have more Amerindian ancestry, whereas populations from the Caribbean (Puerto Ricans and Dominicans) have much more African ancestry (17) .
The increased resolution of SNP-based data allowed Bryc et al. (17) to assign continentallevel ancestry to segments of each individual's genome. Strikingly, they found that across admixed Latino individuals, European segments are most similar to southern European variation, African segments are most similar to Yoruban (West African) variation, and Amerindian segments tend to vary between populations, with the Mexico sample showing a large contribution from an ancestral population similar to the current-day Nahua, one of the largest Amerindian populations in the region. They also were able to contrast X chromosome versus autosome patterns of ancestry with patterns from mtDNA versus Y chromosome haplotypes to show evidence for a bias in matings toward pairings of males with more European ancestry and females of more indigenous ancestry. These fine-scale patterns are in agreement with several aspects of the historical record, and suggest that genetic variation can reveal historical processes. Neither SNP study revisits the question of the original peopling of the Americas, though the HGDP SNP studies [and microsatellite studies (156) ] show that Amerindian genetic diversity is low, consistent with a serial founder effect (66, 84) . To fully advance studies of human genetic variation,
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further studies are needed to describe patterns of Amerindian diversity and to survey the wide range of admixture patterns in the Americas.
Archaic Admixture
There is broad consensus that anatomically modern humans emerged from Africa and replaced other hominins. What is not clear is the extent to which Homo sapiens admixed with archaic humans during this process. If small amounts of admixture took place, it would produce deep divergence and unique patterns of population structure in a small fraction of loci in the human genome.
Motivated by the HGDP SNP data, DeGiorgio et al. (32) conducted a simulation study and were able to reject a model where modern humans serially expand into and mix with a collection of preexisting archaic populations. Such a model of archaic persistence produces an increase in heterozygosity with distance from the origin of the modern human expansion as well as a decrease in LD with distance from the expansion, neither of which are observed in SNP data from globally distributed human populations. Instead, DeGiorgio et al. (32) found that global SNP patterns are consistent with either a serial founder model without an archaic contribution or one with a small amount of archaic ancestry (5% in their study).
The development of high-throughput DNA sequencing technologies has allowed for the genome-wide sequencing of nuclear DNA from ancient specimens, culminating in a draft sequence of the Neandertal genome in 2010 (47) . These data suggest that between 1% and 4% of Eurasian genomes are derived from Neandertals, supporting the idea that the vast majority of genetic variants outside of Africa came from Africa during the modern human diaspora, but also supporting archaic admixture with modern humans before the divergence between Eurasian peoples. Supporting evidence comes from sequence-based studies such as those of Plagnol & Wall (114) and Wall et al. (154) , who used sequence data to estimate a 14% archaic contribution to European samples (argued to be from Neandertals) and a 1.5% admixture proportion in the East Asian samples studied (argued to be from Homo erectus and/or Homo floresiensis). An interesting finding of Green et al. (47) is that Neandertals do not appear to be more closely related to Europeans than to East Asians. This may be due to the Neolithic expansion erasing signatures of earlier admixture between archaic hominins and Homo sapiens in Europe, or due to ancient substructure in Africa before the modern human expansion. The technology that produced the Neandertal genome creates exciting opportunities to explore these alternative hypotheses with studies of additional preagricultural human and hominin fossils.
Expanding Beyond the Autosomes
The generation of genome-wide data sets has led to new appreciation of X-linked genetic variation across human populations. Comparing inferences made across all the marker systems available in the genome provides important insights into human evolutionary history. One recent example is a study by Blum & Jakobsson (13) , who found that an ancient bottleneck in the Middle Pleistocene, possibly from an ancestral structured population, can reconcile the distributions of variation found on the mitochondrion, autosomes, and X chromosome from the human expansion out of Africa.
The X chromosome's female-dominated life history and hemizygosity in males make it an ideal system for comparison with the autosomes to study sex-specific demographic differences, differences in mutation rate and patterns of LD between males and females, and the behavior of both adaptive and purifying selection ( Table 2) . For example, Bryc et al. (16) observed elevated levels of African ancestry on X-chromosomal blocks relative to autosomes, providing evidence for sex-biased gene flow. In general, though, theoretical expectations for X-chromosomal versus autosomal variation differ markedly under different evolutionary scenarios. Selection on standing variation, likely experienced by organisms moving into 
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r, centimorgans per megabase Sex-averaged rate on autosomes: 1.13. Female rate of recombination on the X chromosome: 1.14. Sex-averaged-rate on the X chromosome: 0.75 (≈2/3 × 1.14, due to absence of recombination in males).
77, table 1
Purifying selection Selection will affect larger regions on the X chromosome than on autosomes because of differences in linkage disequilibrium; this dynamic also depends on the dominance of deleterious mutations, as X-linked recessive alleles are exposed in males.
150
Background selection Background selection will purge more variation from the autosomes than from the X chromosome, because deleterious alleles can reach higher frequencies on the autosomes.
11
Positive selection Adaptation will lower X-linked diversity more than autosomal diversity because of the smaller N e of the X chromosome.
Selection on standing genetic variation
The X chromosome will have a slower rate of adaptation than autosomes if selection acts on standing alleles previously at mutation-selection balance, because of the lower copy number of X chromosomes relative to autosomes.
108
Bottlenecks X-linked variation will be reduced more than autosomal variation during a bottleneck, but recovery of variation will be quicker on the X chromosome with increased growth rates.
116
Life-history traits Differing rates across the sexes in adult mortality, development time, and age at reproduction are unlikely to cause a change in the relative diversity of the X chromosome to autosomes, but a high variance of reproductive success for males could, in extreme cases, lead to N e,X > N e,Aut .
23
Abbreviation: CEU, Utah residents with ancestry from northern and western Europe (CEPH collection).
new environments, will not reduce X-linked variation as much as autosomal variation (108) . However, bottlenecks will strongly reduce Xchromosomal diversity (116) , and bottlenecks preceded movement into new environments for human populations under a serial founder model. SNPs in the HGDP populations found that, after accounting for different effects of drift on the X chromosome and the autosomes, there have been proportionally more events affecting the X chromosome that cause significant allele-frequency changes between continents (19); this could be driven by the effect of both positive selection and serial bottlenecks.
Further, reduced diversity on the X chromosome is correlated with genetic distance from genes (49); in fact, X-linked diversity surpasses autosomal diversity in some cases far from genic regions (Figure 9) . Although the hemizygous state of the X chromosome in males could explain in part this correlation of diversity and genetic distance along that chromosome, the trend is likely the product of both selection near genes and a genome-wide effect of a higher variance in reproductive success for males compared with females.
Another recent study emphasized that different estimators of effective sex ratios (e.g., estimations based on sequence diversity versus those based on F ST ) detect biases in the sex ratio at different timescales (39) . The authors found that estimates based on population structure (F ST -based estimates) are sensitive to biases in the sex ratio between two populations after they have diverged. The ability to decouple the competing signatures of different evolutionary forces such as population size changes, gene flow, and selection will be aided by using the X chromosome, where haplotypes are easily accessible, allowing the whole-genome era to truly take advantage of data sources across the genome.
DISCUSSION
Here we focus on inference of human population structure and demographic history; for related reviews of the impact of population structure on selected loci and GWAS, see References 102 and 122. It is impressive that just five years after the first HapMap publication, over 50 SNP genotyping studies relevant to human population structure have been published (Table 1) . Collectively, we estimate these studies have genotyped over 85,000 unique individuals from hundreds of populations across the globe. This rapid application of SNP technology is perhaps a premonition of how quickly whole-genome sequencing will be applied once costs become more affordable. The 1000 Genomes Project and other wholegenome and exome sequencing initiatives underway will help overcome the major challenges involved in curating and analyzing such large data sets, and will hopefully facilitate the rapid, widespread use of genome-wide sequencing.
Rare variant: a base pair polymorphism with a frequency between 1% and 5% in the populations studied Given the both exciting and daunting scale of the data we are about to be immersed in, there are many future research directions to choose from. Here we suggest four avenues that can begin to unlock the potential of whole-genome data. First, the ability of large sequence data sets to discover rare variants and describe their geographic distribution will elucidate more recently generated human population structure. Second, the ability to carefully identify shared haplotype tracts and the development of novel theory to interpret such tract lengths will yield insights into demographic history and structure. Third, neutral demographic processes can be more deeply understood by studying the geographic distribution of variants that appear to be under recent selection. Finally, we expect more progress to be made in studying modifiers to gene flow such as topographical barriers and historical contacts between populations.
Rare variants have the potential to unravel much more recent gene flow patterns than the common variants that have been assayed by SNP technologies. The geographic distribution of a variant is determined by the patterns of gene flow during the time span since the allele arose. Rare variants are on average much younger than more common variants-using human population parameters, it has been estimated that alleles found in 1 out of 1,000 individuals have an average age of 22 generations, or roughly 550 years (142; Figure 10 ). Whereas common variants give us a picture of gene flow patterns time-averaged over several millennia, rare variants will allow us to investigate patterns on the timescale of centuries (Figure 11) . Thus, human population genetics will be able to shift its focus from ancient population movements that colonized the globe to events during the timeframe of the historical record, potentially enhancing the intersection of fields studying human history. For example, a recent resequencing study of two genes in 14,000 individuals has shown how historical-era, superexponential rates of population growth can be inferred from rare variants (30).
As described above, the use of genome-wide markers has allowed us to conceptualize genetic similarity in a new form. Rather than considering the pairwise nucleotide sequence divergence at kilobase scales (as was the custom with sequence loci), whole-genome data (whether SNP or complete sequence) makes it possible 
Figure 11
The expected geographic distribution of rare variants. Rare variants are typically due to novel mutations that spread first locally and then to more distant populations. During the early phases of their spread, they are particularly indicative of dispersal patterns between populations. Circles indicate subpopulations, arrows represent gene flow, and shades of blue indicate allele frequencies (with darker shades of blue indicating higher allele frequencies).
to identify shared haplotype tracts at 100 kb to megabase scales. These tracts will be detected more reliably with complete sequence data, and the distribution of their lengths will provide insight into recent population structure. The lengths of shared haplotype tracts are reduced by recombination, and therefore long tracts can be informative of recent common ancestrypatterns of ancestry that can be difficult to detect by analyzing patterns of pairwise nucleotide sequence divergence alone. As mentioned previously, methods for analyzing such data are in their infancy, but we expect development in this area to expand and provide exciting insights.
We have intentionally focused our review and discussion on genome-wide SNP patterns rather than on patterns at putatively selected loci. Nonetheless, we expect that the careful analysis of the geographic distribution of selected loci will provide novel insights into neutral processes that generate population structure. Analyses of putatively selected loci in the HGDP suggest that selection in humans has been weak enough that most selected loci are strongly influenced by patterns of dispersal and migration (29, 113) . Selected loci are on average younger than neutral alleles of the same frequency, suggesting the potential for unique insights into dispersal and migration processes for more recent timescales. For example, SNP markers with high F ST between Asia and Europe (loci that likely have been adaptively diverged) show clines in central Asia indicative of secondary contact between ancestral populations (29) .
In many of the empirical studies of human population structure reviewed here, genes mirror geography closely, yet these same SNP studies reveal slight distortions from this gene-geography correlation, suggestive of historical and standing modifiers of gene flow. Some of these might align with major topographic features. Genotypic similarity could also arise from shared cultural traits and historical relationships; for example, in West Africa, Bantu populations and other NigerKordofanian populations cluster separately based on genotypic data (16) . Two methods to infer genetic boundaries from allele-frequency distributions are wombling and Monmonier's algorithm [both reviewed by Barbujani (7) and Manel et al. (87) ], which search for zones where the slope of various allele-frequency surfaces is high; methods like these might increasingly be used to uncover the genetic signatures of recent historical events.
As population genomics brings the recent history of human population structure into focus, we expect to see new signatures that previous analyses could not detect. For example, there will be increasing cases where assuming infrequent gene flow between populations postdivergence is no longer compatible with the data. At the other extreme, we expect there to be increasing cases where slightly diverged subpopulations become distinguishable. As a result, we will have the ability to observe admixture among less-differentiated populations, and perhaps as a result a larger fraction of human genomes will be recognized as admixed mosaics. We also expect that quantifying the abundance of rare variants will lead to a new perspective on human similarity. It has long been appreciated that, relative to other primates, humans are very similar to each other genetically (e.g., 72). For example, a pair of human sequences is more similar on average than those of two chimpanzees or two orangutans. If the exceptional population growth of humans has led to an excess of rare variants across the genome (30) , it may help us realize that variation in humans is disproportionately unique-variants in humans are more likely to be private to a single person than variants in another primate. Interestingly, then, among primates, humans may be uncommonly similar to one another and yet, in another sense, uniquely unique.
One motivation for studying human population structure is that it fulfills a fascination to understand our origins; however, the global and fine-scale structure of human genetic variation is also an important framework for building new personalized approaches to medicine. In addition, humans are now the model species for purely observational population genetics. The studies reviewed here reveal the complications and opportunities for learning about the evolutionary history of other organisms.
As a result of so much progress in human population genetics, there is increasing and well-warranted public interest in human genetic variation. Aligning with previous authors (e.g., 37, 83), we feel that, while human ancestral origins are fascinating, an individual's origins should not form the basis of political judgments or categorizations; nor, in this era of direct-to-consumer ancestry testing, should they form the basis of notions of self-worth or exclusivity. Instead, we hope and expect that, as whole-genome sequencing becomes a mainstream technique for population-genetic research, we will reach new frontiers and circle back to old questions, achieving more wisdom in keeping with the name we gave ourselvesHomo sapiens.
